Alzheimer's disease (AD) is the most common type of dementia, with increasing prevalence and no disease-modifying treatment available yet. There is increasing evidence-from interventions targeting mitochondria-that may shed some light on new strategies for the treatment of AD. Previously, using senescence-accelerated OXYS rats that simulate key characteristics of sporadic AD, we have shown that treatment with mitochondria-targeted antioxidant SkQ1 (plastoquinonyl-decyltriphenylphosphonium) from age 12 to 18 months (that is, during active progression of AD-like pathology)-via improvement of mitochondrial function-prevented the neuronal loss and synaptic damage, enhanced neurotrophic supply, and decreased amyloid-β 1-42 protein levels and tau hyperphosphorylation in the hippocampus. In the present study, we continued to explore the mechanisms of the anti-AD effects of SkQ1 in an OXYS rat model through deep RNA sequencing (RNA-seq) and focused upon the cellspecific gene expression alterations in the hippocampus. According to RNA-seq results, OXYS rats had 1,159 differentially expressed genes (DEGs) relative to Wistar rats (control), and 6-month treatment with SkQ1 decreased their number twofold. We found that 10.5% of all DEGs in untreated (control) OXYS rats were associated with mitochondrial function, whereas SkQ1 eliminated differences in the expression of 76% of DEGs (93 from 122 genes). Using transcriptome approaches, we found that the anti-AD effects of SkQ1 are associated with an improvement of the activity of many signaling pathways and intracellular processes. SkQ1 changed the expression of genes in neuronal, glial, and endothelial cells, and these genes are related to mitochondrial function, neurotrophic and synaptic activity, calcium processes, immune and cerebrovascular systems, catabolism, degradation, and apoptosis. Thus, RNA-seq analysis yields a detailed picture of transcriptional changes during the development of AD-like pathology and can point to the molecular and genetic mechanisms of action of the agents (including SkQ1) holding promise for the prevention and treatment of AD.
Introduction
Alzheimer's disease (AD) is the most common form of dementia in the elderly, with increasing prevalence and no disease-modifying treatment available yet. There is a large amount of data suggesting that oxidative stress plays an important role in the pathogenesis of AD in conjunction with augmentation of protein oxidation, protein nitration, glycol oxidation, and lipid peroxidation as well as accumulation of the amyloid β (Aβ) peptide, which can also induce oxidative stress [1] . Nevertheless, no clinical studies conducted to date have proved a beneficial effect of antioxidant treatment in AD patients [2, 3] . For example, vitamin E or selenium used alone or in combination cannot prevent dementia in asymptomatic older men [4] . It has been theorized that inaccessibility of a specific cell compartment to antioxidant agents-where there are increased levels of reactive oxygen species (ROS)-leads to the failure of treatment strategies based on antioxidant supplements. Neuronal homeostasis requires healthy mitochondria. Many lines of evidence suggest that mitochondrial abnormalities as well as the related oxidative stress together with synaptic degeneration are the earliest and most prominent features of vulnerable neurons in the brain of AD patients [5, 6] . AD-related studies have provided substantial evidence on interventions targeting mitochondria, and these data may shed some light on new strategies against AD and suggest that mitochondria-targeted antioxidants hold promise for the treatment of AD [7, 8] .
Previously, we have shown that mitochondria-targeted antioxidant plastoquinonyl-decyltriphenylphosphonium (SkQ1) [9] at nanomolar concentrations can prevent, slow down, or partially retard AD-like pathology in accelerated-senescence OXYS rats [10] [11] [12] [13] [14] , which spontaneously develop all the major signs of AD and largely reproduce the stages of the disease [15] [16] [17] [18] [19] . We have shown that dietary supplementation with SkQ1 starting at the preclinical stage of AD-like pathology (at age 1.5 months) reduces the age-related alterations in behavior and the spatial memory deficit and slows down pathological accumulation of Aβ and hyperphosphorylation of tau protein in 23-month-old OXYS rats [11] . Later, we demonstrated that SkQ1 can delay progression of AD signs in OXYS rats [12] starting from the disease stage that we can define as an analog of the predementia phase of AD in humans. Through improvement of the structural and functional state of mitochondria, treatment with SkQ1 from age 12 to 18 months prevented the neuronal loss and synaptic damage, enhanced neurotrophic supply, and decreased Aβ peptide levels and tau hyperphosphorylation in the hippocampus of OXYS rats, thus improving the learning ability and memory. Moreover, recently, we showed that SkQ1 can alleviate some signs of AD-like pathology in OXYS rats even at the stage of severe neurodegenerative damage [14] . It is noteworthy that its prophylactic and therapeutic effects in all cases were associated with improvement of the mitochondrial apparatus. SkQ1 is an antioxidant and has been developed as such to counteract oxidative damage in mitochondria [9] . One would expect that the effects of SkQ1 are mediated by the suppression of reactive oxygen species (ROS) production. Nevertheless, we did not detect enhanced production of ROS by brain mitochondria from 5-and 24-month-old rats: when the AD-like pathology developed and progressed, and well-pronounced structural disturbances in hippocampal mitochondria were observed in OXYS rats [20] . Thus, the specific mechanisms of action of SkQ1 are still unclear. Transcriptomic analyses hold much promise for elucidating the pathogenesis of complex diseases including AD [21] and for genetic assessment of potential therapeutic agents inhibiting the initiation and progression of diseases. In this study, we explored the mechanisms of the anti-AD effects of SkQ1 in a senescence-accelerated OXYS rat model by deep RNA sequencing (RNA-seq) and focused on cell-specific gene expression alterations in the hippocampus. The OXYS strain has been derived from the rat Wistar strain at the Institute of Cytology and Genetics as described elsewhere [10] and has been registered in the Rat Genome Database (http://rgd.mcw.edu/). Currently, we have the 112th generation of OXYS rats, which spontaneously develop cataract and accelerated-senescence syndrome showing linked inheritance.
Materials and Methods
At age 4 weeks, the pups were weaned, housed in groups of five per cage (57 × 36 × 20 cm), and kept under standard laboratory conditions (22°C ± 2°C, 60% relative humidity, and 12-hour light/12-hour dark cycle; lights on at 9 a.m.). The animals had ad libitum access to standard rodent feed (PK-120-1; Laboratorsnab Ltd., Moscow, Russia) and water.
To assess the influence of oral SkQ1 administration (from age 12 to 18 months) on the progression of AD-like pathology, 12-month-old male OXYS rats were assigned randomly to one of the two groups (n = 15). One group consumed a control diet with the addition of dried bread slices, while the other consumed the same diet supplemented with SkQ1 (250 nmol/(kg of body weight)) on the dried bread slices. Each rat in the treatment group received SkQ1 daily. As controls, we employed a group of Wistar rats (n = 15). For RNA-seq, three male OXYS rats and three age-matched male Wistar rats at age 18 months were euthanized by CO 2 asphyxiation. Other animals in each rat group were used for another study [12] .
2.3. RNA Isolation. After decapitation, the hippocampus was excised rapidly, placed in RNAlater (Ambion, catalog # AM7020), frozen, and stored at −20°C until analysis. Frozen rat tissues were lysed with the TRIzol Reagent (Invitrogen, сat. # 15596-018), and total RNA was isolated. RNA quality and quantity were evaluated on an Agilent Bioanalyzer (Agilent).
Illumina Sequencing.
More than 40 million single-end reads 50 bp long were obtained for each sample of hippocampal RNA, by Illumina nonstranded sequencing on an Illumina GAIIx instrument at the Genoanalitika Lab, Moscow (https://www.genoanalytica.ru/), in accordance with standard Illumina protocols (mRNA-Seq Sample Prep Kit, cat. # 1004816). Briefly, polyadenylated mRNA was purified from total RNA via Sera-Mag Magnetic Oligo (dT) beads and then broken into small fragments by means of divalent cations and heating. Using a reverse transcriptase and random primers, we synthesized first-and second-strand cDNAs. The cDNA was processed in an end-repair reaction with T4 DNA polymerase and Klenow DNA polymerase to blunt the termini. An A base was then added to the 3 ′ end of the blunt phosphorylated DNA fragments, and an Illumina adaptor with a single T overhang at its 3 ′ end was next ligated to the end of the DNA fragment, for hybridization in a single-read flow cell. After that, a size range of cDNA templates was selected, and these fragments were amplified on a cluster station with Single-Read Cluster Generation Kit v2. Sequencing-by-synthesis at 50-nucleotide length was performed by means of sequencing-by-synthesis v4 reagents on a Genome Analyzer IIx running the SCS2.8 software (Illumina, cat. # FC-940-4001).
2.5. Gene Expression Analysis. The sequencing data were preprocessed using the Cutadapt tool (https://cutadapt. readthedocs.io/) to remove adapters and low-quality sequences. The resulting reads were mapped onto the Rnor_5.0 reference genome assembly in the TopHat2 software (https://ccb.jhu.edu/software/tophat/; [22] ). The data were then converted into gene count tables by means of ENSEMBL and RefSeq gene annotation data. The resulting tables were subjected to the analysis of differential gene expression in the DESeq2 software (https://bioconductor.org/ packages/release/bioc/html/DESeq2.html; [23] ). The genes with p adj < 0 05 were selected as differentially expressed.
Analysis of the Expression of Genes Related to
Mitochondrial Function and Cell-Specific Expression of Genes. The list of genes related to mitochondrial function was compiled by comparing the gene lists in MitoCarta 2.0 (1158 mouse genes, https://www.broadinstitute.org/pubs/ MitoCarta [24] ), Integrated Mitochondrial Protein Index, IMPI Q3 2017 database (1483 rat genes, http://impi.mrcmbu.cam.ac.uk/), and rat genome database, RGD (1232 rat genes, https://rgd.mcw.edu/). The list of genes that are selectively expressed in different cell types (neurons, astrocytes, oligodendrocytes, microglia, and endothelial cells) was created on the basis of data on single-cell RNA-seq [25] . The genes with >5 fragments per kilobase of exon model per million reads mapped (FPKM) and fold enrichment >5 in each cell type (and undetectable or underexpressed in other cell types in the hippocampus) were marked as cell specific.
Functional Analysis and Construction of Gene
Interaction Networks. To identify the Gene Ontology (GO) terms overrepresented in a differentially expressed gene (DEG) list, the detected DEGs were subjected to functional enrichment analyses by means of the DAVID (http://david. abcc.ncifcrf.gov/summary.jsp) tool. Pathway analysis of the DEGs was conducted with WebGestalt GSAT (http://www. webgestalt.org/option.php) using KEGG pathways (https:// www.genome.jp/kegg/). The gene interaction networks were identified on the GeneMANIA web server (http://www. genemania.org/).
Results and Discussion
3.1. SkQ1 Decreased the Number of DEGs Twofold in the Hippocampus of OXYS Rats. To determine gene expression changes in response to progression of AD-like pathology and for assessment of the anti-AD effects of the mitochondrial antioxidant, we performed RNA-seq on the hippocampal tissue from 18-month-old OXYS and Wistar rats (as a control strain) and OXYS rats treated with SkQ1 from 12 to 18 months of age. A total of 15,911 protein-coding genes with at least 10 counts on average in the hippocampus of OXYS rats and Wistar rats were detected by the DESeq2 software [26] . According to RNA-seq results, 1,159 genes (587 upregulated and 572 downregulated) in the hippocampus of control (untreated) OXYS rats and 598 genes (318 upregulated and 280 downregulated) in the hippocampus of SkQ1-treated OXYS rats were differentially expressed as compared to Wistar rats (p adj < 0 05; Figure 1(a) ).
Major Altered Biological
Processes at the Stage of WellPronounced AD-Like Pathology in OXYS Rats. To identify the pathways and processes associated with the DEGs in the hippocampus of control OXYS rats, we carried out gene annotation enrichment analysis using KEGG pathways (p < 0 05). We found that at the stage of well-pronounced AD-like pathology in OXYS rats, genes of the calcium signaling pathway, phagosome, endocytosis, axon guidance, gap junction, and apoptosis were up-or downregulated; genes of the GnRH signaling pathway, glycerophospholipid metabolism, and neurodegenerative diseases such as AD, Huntington's disease, and amyotrophic lateral sclerosis were upregulated; genes of the MAPK signaling cascade, insulin signaling, VEGF signal transduction, neurotrophin signaling pathway, long-term potentiation, antigen processing and presentation, T-and B-cell receptor signaling pathways, focal adhesion, ubiquitin-mediated proteolysis, lysosome, and cell cycle were downregulated (Figure 1(b) ).
Next, GO analysis of hippocampal DEGs in untreated OXYS rats by DAVID uncovered significant (p < 0 05) enrichment of terms related to the cytoskeleton, cell junction, microtubule cytoskeleton, lysosome, Ca 2+ binding, enzyme binding, kinase binding, cell adhesion, neuron differentiation, and apoptosis, thus indicating significant changes in the transcriptional activity of specific genes participating in neuronal plasticity during AD progression (Figure 1(c) ). The enrichment of terms related to the synapse, axonogenesis, and synaptic transmission (Figure 1(c) ) pointed to changes in the expression of genes associated with synaptic processes, whose disturbances we revealed recently in the hippocampus of OXYS rats [27] . Aside from terms related to blood vessel development, GO analysis also uncovered significant (p < 0 05) enrichment of terms related to major histocompatibility complex (MHC) and gliogenesis ( Figure 1(c) ), suggesting that in OXYS rats, just as in AD patients [28, 29] , the progression of AD-like pathology is associated with changes of the transcriptional activity of genes related to an immune process. Finally, the major altered biological process in OXYS rats was closely related to mitochondrial function; 91 DEGs (53 upregulated and 38 downregulated; Figure 1 (c)) were associated with the term mitochondrion. Recently, in the hippocampus [20] , we found that already at the preclinical stage, OXYS rats manifest some characteristic ultrastructural changes and low activity of respiratory complexes I, IV, and V; these alterations were found to progress with the development of AD-like pathology. In addition, in the prefrontal cortex of OXYS rats, we have previously found that gene expression changes during the development of AD-like pathology (as well as at the preclinical stage) are related to neuronal plasticity, catalytic activity, lipid and immune processes, and mitochondria [18] . Thus, we have previously demonstrated a decrease in mitochondrial function with aging in OXYS rats and an increase in the expression of many mitochondrial genes. Therefore, the results obtained here and previously [13, 15, 18, 20] suggest that mitochondrial dysfunction appears at least to mediate or possibly even initiate pathological molecular cascades of AD-like pathology in OXYS rats.
SkQ1 Restores the Transcriptomic Changes Related to
Mitochondrial Function in OXYS Rats. Given that 91 DEGs were associated with the term mitochondrion according to DAVID, we next performed a more complete analysis of transcriptomic changes associated with the functional category of mitochondria at the stage of well-pronounced ADlike pathology in OXYS rats, using MitoCarta 2.0 (1,158 genes), IMPI (1,483 genes), and RGD (1,232 genes) databases. We compared the genes from these three databases and obtained a combined list of 2,080 genes ( Figure 2(a) ). We found that 10.5% of DEGs (122 genes) in untreated OXYS rats were associated with mitochondrial function ( According to DAVID, 122 DEGs related to mitochondrial function in untreated OXYS rats were associated with mitochondrion organization; oxidation-reduction; oxidative phosphorylation; nucleotide, coenzyme, or ATP binding; lipid process; mitochondrial matrix; inner and outer membranes; transport; apoptotic mitochondrial changes; a response to hypoxia and oxidative stress; and others ( Figure 2(d) ). Oxidative stress and decreased cellular responsiveness to oxidative stress are thought to influence brain aging and AD [30] . Given that changes in the expression of six genes (Fos, Mutyh, Jun, Bcl2l1, Cat, and Mmp14) in the hippocampus of untreated OXYS rats were associated with the GO term "response to oxidative stress," we performed analyses of genes involved in oxidative stress and antioxidant defense [31] . We identified only three DEGs (Gsr, Cat, and Ptgs2) that participate in these processes at the stage of well-pronounced AD-like pathology in OXYS rats. Metabolic control of oxidation and reduction reactions within the cell is maintained in part by the action of key enzymes including superoxide dismutase, catalase, and glutathione peroxidase and reductase [30] . Among these enzymes, glutathione reductase (Gsr) turned out to be upregulated (log 2 fold change = 0 37; p < 0 03), and the expression of catalase (Cat), which is also crucial for the modulation of synaptic plasticity in the brain [32] , was lower (log 2 fold change = −0 52; p < 0 015) in OXYS rats. The expression of prostaglandin-endoperoxide synthase 2 (Ptgs2), also known as cyclooxygenase 2 (COX-2), which is considered a candidate gene of AD [33, 34] , was lower in OXYS rats (log 2 fold change = −0 68; p < 0 0005).
These results are consistent with the reports that the development of AD signs in OXYS rats happens before the increased accumulation of oxidative stress markers in the brain [35, 36] . It should be noted that most of the in vivo data-suggesting significant contribution of oxidative stress in the brain to the AD pathophysiology-have been obtained in animal models, first of all in transgenic mouse models of the familial form of AD. Our results are consistent with the findings of a recent meta-analysis which was conducted to define the pattern of changes in oxidative stress-related markers in human AD and mild cognitive impairment, by the brain region [30] . Its authors concluded that the antioxidant enzyme system in the brain is largely intact in AD and the global accumulation of oxidative damage is less substantial than generally thought. The limitation of our study is that gene expression changes were not confirmed at the protein level.
To determine the effects of SkQ1 as a mitochondriatargeted antioxidant on the gene expression profile related to mitochondrial function, we compared the GO terms and genes associated with them between control and SkQ1-treated OXYS rats. We found that prolonged treatment with SkQ1 prevented the changes in the processes related to mitochondrion organization, generation of precursor metabolites and energy, oxidation-reduction, oxidative phosphorylation, mitochondrial transport, apoptosis, and others (Table 1) . Recently, we demonstrated that SkQ1 is localized to cerebral neuronal mitochondria and retards mitochondrial alterations in the hippocampus of 18-month-old OXYS rats [12] , which we also subjected to the present RNA-seq analysis (see Materials and Methods). SkQ1 treatment substantially improved the ultrastructure of the mitochondrial apparatus, increased the specific area of mitochondria in neurons, and increased the expression of DRP1 (dynamin-1-like protein; mitochondria in fission) and MFN2 (mitofusin 2; mitochondria in fusion) and enzymatic activity of complexes I and IV in the hippocampus of OXYS rats to the level of Wistar rats (control) [12] . In addition, here, 13 geneswhose expression SkQ1 changed in OXYS rats as compared to Wistar rats-turned out to be related to mitochondria, including the mitochondrial inner membrane.
We next used GeneMANIA to build interaction networks for the analysis of transcriptomic changes associated with functional categories of mitochondrial dysfunction at the stage of well-pronounced AD-like pathology in OXYS rats and effects of treatment with SkQ1. In control OXYS rats, some of the most enriched GO terms were the mitochondrial inner membrane (p < 1 82E-13), mitochondrial membrane part (p < 2 39E-8), mitochondrion organization (p < 8 34E-8), apoptotic mitochondrial changes (p < 7 87E-4), mitochondrial matrix (p < 9 96E-4), mitochondrial outer membrane (p < 5 25E-3), and the proton-transporting ATP synthase complex (p < 9 57E-3; Figure 3(a) ). SkQ1 affected all these processes (Figure 3(b) ) and changed the expression of genes related to fatty acid β oxidation (p < 4 43E-15) and mitochondrial inner membrane (p < 1 15E-5; Figure 3(c) ).
SkQ1 Retarded the Alteration of Major Biological
Processes and Signaling Pathways during the Progression of AD-Like Pathology in OXYS Rats. Recently, using RNA-seq analysis, we demonstrated that mitochondrial impairments in the prefrontal cortex of OXYS rats are the earliest change and progress with age along with the age-related lipid and immune aberrations, cerebrovascular alterations, and increased neuronal degeneration [18] . Thus, we decided to determine the potential mechanisms of action of SkQ1 that may be linked to its effects (activation or suppression of signaling pathways and processes, aside from improvements in mitochondrial processes). To this end, we next performed functional annotation clustering via DAVID and pathway analysis by means of KEGG on DEGs exclusively expressed in the hippocampus of control and SkQ1-treated OXYS rats.
The two sets of DEGs (untreated OXYS rats versus Wistar rats; SkQ1-treated OXYS rats versus Wistar rats) overlapped, and the overlap contained 413 genes (Figure 4(a) ), suggesting that SkQ1 did not affect their expression. Treatment with SkQ1 effected all major altered biological processes during the progression of AD-like pathology; only in untreated OXYS rats, 746 genes exclusively showing upregulation (380 genes) and downregulation (366 genes; Figure 4 (a)) were mainly related to mitochondrial function, cation binding, enzyme binding, neuron projection and differentiation, cell adhesion, blood vessel development, regulation of apoptosis, and other processes, according to DAVID (Figure 4(b) ). Moreover, SkQ1 changed the expression of 185 genes (111 upregulated and 74 downregulated) in the hippocampus of OXYS rats as compared to untreated OXYS and Wistar rats (Figure 4(a) ). These exclusively expressed genes were mainly related to the upregulation of the processes associated with transcription, synaptic processes, tube development, and a membrane part (Figure 4(c) ).
Moreover, treatment with SkQ1 affected all key signaling pathways altered during the progression of AD-like pathology. According to KEGG, DEGs exclusively expressed in the hippocampus of untreated OXYS rats were associated with MAPK, calcium, insulin, GnRH, VEGF, and neurotrophin signaling pathways; focal adhesion; synaptic processes (long-term potentiation, axon guidance); immune system (T-and B-cell receptor signaling pathways, antigen processing, and presentation); catabolism (phagosome, lysosome); degradation (ubiquitin-mediated proteolysis); apoptosis; and neurodegenerative diseases (Huntington's disease and AD; Figure 4(d) ). In addition, in SkQ1-treated OXYS rats, exclusively expressed genes were mainly related to MAPK, calcium, TGF-β, and Wnt signaling pathways; endocytosis; focal adhesion; phagosome; vascular smooth muscle contraction; and antigen processing and presentation (Figure 4(d) ).
3.5. Effects of SkQ1 on the Cell-Specific Gene Expression in the Hippocampus of OXYS Rats. For a more complete understanding of which cell type(s) and cellular processes represent the most significant effects of SkQ1 during the progression of AD-like pathology, we next performed analyses of the cell-specific gene expression [25] on DEGs exclusively expressed in the hippocampus of untreated and SkQ1-treated OXYS rats. We found that in OXYS rats, treatment with SkQ1 eliminated the differences in the expression of 64 genes (49 upregulated and 15 downregulated) specific to neurons, 39 genes (11 upregulated and 28 downregulated) specific to astrocytes, 49 genes (18 upregulated and 31 downregulated) specific to oligodendrocytes, 26 genes (19 upregulated and seven downregulated) specific to microglia, and 38 For the functional analyses, we combined the lists of eliminated and exclusively changed up-and downregulated DEGs in OXYS rats. DAVID revealed that in neurons (74 genes), the major effects of SkQ1 were associated with ion binding (e.g., Scn2b, Zic1, Atp2b2, Nptxr, Eno2, Gucy1a2, and Kcnq2), including calcium ion binding (e.g., Calb1 and Calb2), neuron development (e.g., Gprin1, Atp2b2, Epha7, and Unc5a), and synaptic GO terms such as axonogenesis (Epha7, Ndn, Unc5a, Stxbp1, Rtn4r, and Snap25), dendrite (Atp2b2, Epha7, Inpp5j, Crmp1, and Cpne6), regulation of synaptic transmission (Syp, Atp2b2, Stxbp1, and Calb1), synaptic vesicle (Syp, Rab3b, and Svop), and SNARE (soluble NSF attachment receptor) binding (Syp, Stxbp1, and Snap25; Figure 5(a) ). Indeed, the progression of AD-like pathology in OXYS rats is linked with substantial structural and functional alterations of neurons and synapses and with their decreased density [27, 37] . Many studies have confirmed that mitochondrial dysfunction is likely to be the leading cause of synaptic loss and neuronal death by apoptosis, especially in brain regions involved in learning and memory, such as the hippocampus [5] . On the basis of the results obtained here and as we reported recently [12] , we can draw the conclusion that treatment with SkQ1 possibly facilitated activation of the remaining undamaged neurons and synapses and improved intraneuronal processes, including mitochondrial function. It has been proposed that synaptic mitochondria are more sensitive to damage than nonsynaptic mitochondria, indicating an earlier decrease in mitochondrial trafficking and respiratory function [6] . This notion is supported by SkQ1-induced changes in the expression of hippocampal genes in OXYS rats in relation to mitochondrial and synaptic processes as well as an increased number of excitatory synapses and active zones of synaptic contact and upregulation of pre-and postsynaptic proteins synapsin I and PSD-95 [12] , whose downregulation is considered an indicator event in AD [36] . In addition, the normalization of the balance of the neurotrophic supply in the hippocampus of SkQ1-treated OXYS rats [12] may reflect activation of cellular processes promoting the growth of neurites, formation of new synapses, and neuronal survival. In favor of this notion is also a SkQ1-driven decrease in the Bcl11A-L expression (B-cell lymphoma 11A-long), a zinc finger transcription factor that is an important downstream effector of glutamate receptors for the regulation of axonal and dendritic arborization. Overexpression of Bcl11A-L counteracts the influence of glutamate receptors on axonal branching and dendritic outgrowth [38] . Another beneficial action of SkQ1 on neuronal activity may be related to the influence on calcium processes, dysregulation of which is important for destabilization of synaptic processes in aging and in the AD brain [39] . Treatment with SkQ1 downregulated genes Calb1 (calbindin 1, 28 kDa) and Calb2 (calbindin 2, 29 kDa, calretinin), whose products act as calcium buffers and sensors. In addition, SkQ1 downregulated the Hpca (hippocalcin) gene, which is also regarded as a calcium sensor, may participate in general neuronal endocytosis, and performs a critical calcium-sensing function in NMDA receptor-(NMDAR-) mediated hippocampal longterm depression [40] .
Accumulated evidence suggests that glial cells, including astrocytes and microglia, mediating immune responses in the brain, are critically important for the maintenance of normal synaptic functioning [41, 42] and play a crucial part in the AD pathogenesis [28, 29] . For astrocytes (56 genes), the major effects of SkQ1 were associated with the regulation of various processes such as a biosynthetic process (e.g., Plagl1, Hes1, Jun, Nr4a1, Nr4a3, Abca1, and Sox9), cell proliferation (e.g., Egfr, Hes1, Arhgap5, and Sox9), transcription (Plagl1, Hes1, Myo6, Jun, Nr4a1, Nr4a3, and Sox9), apoptosis (Egfr, Steap3, Jun, Nr4a1, Bdkrb2, and Sox9), tube development (e.g., Hes1, Rgma, and Nr4a3), and blood vessel development (Hey2, Ppap2b, and Cyr61; Figure 5(b) ). For the oligodendrocytes (54 genes), the major actions of SkQ1 were associated with neuron projection (S100a4, Kcnd3, Ermn, Chrna4, Strn, and Gria3), ion channel activity (Kcnd3, Kcna1, Chrna4, Gria3, and Kcnk1), glycoprotein metabolic process (Trak2, Chst8, Acan, Dcn, and Adamts4), including a proteoglycan metabolic process (Chst8, Acan, and Dcn), and calcium-dependent protein binding (S100a4, Masp1, and Strn; Figure 5 (c)). For the microglia (32 genes), the effects of SkQ1 were found to be related to a response to an organic substance (Egr1, Cebpa, Slc11a1, Egr2, Dusp1, and Bcl2l1), regulation of cell death (Pik3cg, Cebpb, Dusp1, Ubc, and Bcl2l1), GTPase regulator activity (Arhgap4, Tbc1d10a, Rgs14, and Arhgdib), and ion homeostasis (Slc11a1, Egr2, Nab2, and Bcl2l1; Figure 5(d) ). Furthermore, among the most highly enriched genes (FPKM >20) for microglia, SkQ1 affected the expression of Egr1 and Egr2 (early growth response 1 and 2; Supplementary Data 1), which are transcription factors that belong to the Egr family, participate in an immune response [43] , and positively correlate with disease progression in AD [44] . Recently, it was reported that a proinflammatory phenotype of Aβ plaque-associated microglia isolated from 5XFAD mice is related to the upregulation of Egr2 [45] . Treatment with SkQ1 downregulated the Egr2 gene and upregulated the Egr1 gene, whose expression decreases with aging in the rat hippocampus [46] . In addition, SkQ1 decreased the expression of Nab2 (Ngfi-A-binding protein 2), which in part modulates the activity of EGR1 and EGR2 and is considered a mediator of Aβ-induced neurotoxicity and tau hyperphosphorylation [47] . Thus, it can be assumed that the SkQ1-driven decrease in the Aβ level and tau hyperphosphorylation in the hippocampus of OXYS rats [12] can be related to changes in the expression of microglial genes Egr1, Egr2, and Nab2 and activation of phagocytosis by microglia, whose significant ultrastructural abnormalities we uncovered recently [27] . The improvement in phagocytic activity is also supported by an SkQ1-induced increase Pik3cg expression (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma, also known as PI3Kγ, a specific PI3K isoform; Supplementary Data 1). PI3Kγ-deficient microglia are strongly associated with decreased phagocytic activity [48] and have a crucial and specific function in NMDAR-mediated synaptic plasticity and some forms of cognitive function [49] . Cerebrovascular dysfunction is strongly involved in the pathogenesis of AD; patients with this disease frequently show focal changes in brain microcirculation. These changes include alterations in the density and morphology of cerebral microvasculature, increased endothelial pinocytosis, decreased mitochondrial content, accumulation of collagen and perlecans in the basement membrane, loss of tight junctions and/or adherens junctions, and a blood-brain barrier breakdown with leakage of blood-borne molecules [50, 51] . According to a magnetic resonance imaging study, 12-month-old OXYS rats, when AD is progressing, undergo structural and functional alterations in cerebral blood flow typical of chronic ischemia [52, 53] . We found that OXYS rats possess altered hemorheological properties of blood resulting from abnormal red blood cell deformability and aggregation [54] , which are regarded as some of the mechanisms underlying the complex etiology of AD [55] , thereby impairing the oxygen transport efficiency of blood in AD. Recently, we demonstrated that changes in the expression of the hippocampal genes functionally associated with cerebrovascular processes already in the early period of life may contribute to the development of AD-like pathology in OXYS rats [17] . At the advanced stage of the disease in OXYS rats, we observed a significant loss of hippocampal blood vessel density as well as ultrastructural changes and downregulation of VEGF with an increased amount of Aβ in blood vessels. In addition, DEGs in the hippocampus of OXYS rats were associated with downregulation of cerebrovascular function as compared to Wistar rats [17] . Here, for the endothelial cells (46 genes), the effects of SkQ1 turned out to be related to the regulation of cell proliferation (Cav2, Edn3, Cav1, Ptgs2, Crip2, Ptges, Tek, and Cdh5), cell adhesion (Ptprk, Igfbp7, Tek, Itga1, Cd2ap, and Cdh5), a response to an extracellular stimulus (Cav1, Hmgcs2, Ptgs2, Ptges, Igfbp7, and Tek), a lipid biosynthetic process (Hmgcs2, Ptgs2, Sgms2, Ptges, and Sgms1), caveola (Cav2, Cav1, Ptgs2, and Ptrf), regulation of endocytosis (Gata2, Cav1, and Cd2ap), sphingomyelin biosynthetic process (Sgms2 and Sgms1c), blood vessel development (Cav1, Lama4, Dll4, Tek, and Cdh5), and circulation (Edn3, Cav1, Fli1, Ptgs2, and Itga1; Figure 5 (e)). Thus, it can be assumed that SkQ1 had a positive effect on the microvascular environment and consequently on the brain's supply of oxygen, energy, substrates, and nutrients. Finally, by means of GeneMANIA, we constructed interaction networks for the eliminated and exclusively changed DEGs for the five types of cells in the hippocampus of OXYS rats ( Figure 6 ). We found that GO terms enriched in neurons were related to the regulation of synaptic transmission (p < 2 49E-3) and axon development (p < 3 85E-2; Figure 6(a) ). In astrocytes, the most enriched GO terms were associated with transcription activity (p < 2 45E-5), axon development (p < 7 42E-3), regulation of cell migration (p < 1 15E-3), blood vessel development (p < 9 82E-4), and morphogenesis (p < 5 42E-3; Figure 6(b) ). Among the GO terms enriched in oligodendrocytes, there were dendritic spine (p < 2 63E-2) and ion channel activity (p < 3 57E-2; Figure 6 (c)); in microglia, there was a response to a purine-containing compound (p < 8 89E-5; Figure 6 (d)); in endothelial cells, there was regulation of blood vessel size (p < 2 09E-3), cell-cell junction (p < 1 41E-3), and membrane raft (p < 1 19E-4; Figure 6 (e)).
Conclusion
In this study, we showed that long-term treatment with SkQ1, an antioxidant specifically targeting mitochondria, starting from the predementia phase of AD signs (consistent with the definition of progressive, amnestic mild cognitive impairment in humans [56] ) suppressed the progression of AD-like pathology in OXYS rats via improvement (in neuronal, glial, and endothelial cells) of the gene expression related to mitochondrial function, neurotrophic and synaptic activities, calcium processes, immune and cerebrovascular systems, catabolism, degradation, and apoptosis. Here, we confirmed the previously reported finding that the progression of AD-like pathology in OXYS rats is associated with mitochondrial dysfunction but not associated with oxidative stress. Using transcriptome approaches, we revealed that the anti-AD effects of SkQ1 are not directly related to its antioxidant activity but are associated with an improvement in the functioning of many signaling pathways and intracellular processes. In summary, our results indicate that RNA-seq analysis yields a detailed picture of transcriptional changes during the development of pathological events and may allow researchers to elucidate the molecular and genetic mechanisms of action of promising agents (including SkQ1) for the prevention and treatment of AD.
Data Availability
The data used to support the findings of this study are available from the corresponding author upon request.
